Several age-related traits are associated with shorter telomeres, the structures that cap the end of linear chromosomes. A common polymorphism near the telomere maintenance gene TERT has been associated with several cancers, but relationships with other aging traits such as physical capability have not been reported. As part of the Healthy Ageing across the Life Course (HALCyon) collaborative research programme, men and women aged between 44 and 90 years from nine UK cohorts were genotyped for the single-nucleotide polymorphism (SNP) rs401681. We then investigated relationships between the SNP and 30 age-related phenotypes, including cognitive and physical capability, blood lipid levels and lung function, pooling within-study genotypic effects in meta-analyses. No significant associations were found between the SNP and any of the cognitive performance tests (e.g. pooled beta per T allele for word recall z-score = 0.02, 95% CI: )0.01 to 0.04, P-value = 0.12, n = 18 737), physical performance tests (e.g. pooled beta for grip strength = )0.02, 95% CI: )0.045 to 0.006, P-value = 0.14, n = 11 711), blood pressure, lung function or blood test measures. Similarly, no differences in observations were found when considering follow-up measures of cognitive or physical performance after adjusting for its measure at an earlier assessment. The lack of associations between SNP rs401681 and a wide range of age-related phenotypes investigated in this large multicohort study suggests that while this SNP may be associated with cancer, it is not an important contributor to other markers of aging.
Introduction
Aging is caused by the accumulation of molecular and cellular damage over time resulting in frailty and disease (Kirkwood, 2008) . One likely source is from damage to DNA reflected in telomere shortening (Chan & Blackburn, 2004; Kirkwood, 2008) . Telomeres are formed from a repetitive DNA sequence (TTAGGG 5¢ to 3¢) and a variety of proteins, and are located on the end of linear chromosomes. They protect against the loss of genetic material during cell division (Calado & Young, 2009 ).
Human telomerase is an enzyme composed of two protein components: telomerase reverse transcriptase (encoded by the TERT gene) and dyskerin (encoded by DKC1), and a RNA component (encoded by TERC) that elongates telomeres by adding the telomeric repeats to the chromosome ends (Blasco, 2005; Cohen et al., 2007; Calado & Young, 2009 ). However, owing to low telomerase activity in most normal human somatic cells (Blasco, 2005) , telomeres undergo attrition with losses in the range of 20-70 bp per year estimated in adults (Benetos et al., 2001; Canela et al., 2007; Codd et al., 2010) . Shorter telomere length has been associated with several age-related conditions (Aviv, 2006) , such as hypertension (Huda et al., 2007) , coronary heart disease (Brouilette et al., 2007) , dementia (Martin-Ruiz et al., 2006) , premature aging syndromes (Blasco, 2005) and mortality (Bakaysa et al., 2007) . Although it remains unclear whether telomere shortening is a cause or simply a consequence of aging (Calado & Young, 2009 ), these associations have led to the widespread notion that telomere shortening represents a mechanism for aging in general.
While it has been suggested that oxidative stress and inflammation are contributors to telomere loss (von Zglinicki, 2002; Valdes et al., 2005; Ornish et al., 2008; Starr et al., 2008) , telomere length is highly heritable with family studies providing estimates between 35% and 80% (Slagboom et al., 1994; Bischoff et al., 2005; Vasa-Nicotera et al., 2005; Bakaysa et al., 2007) . As a putative polygenic trait, several loci have been implicated (VasaNicotera et al., 2005; Andrew et al., 2006; Mangino et al., 2008 Mangino et al., , 2009 Starr et al., 2008; Levy et al., 2010) , with some including genes known to be directly involved in telomere maintenance in humans (Codd et al., 2010) . In addition to telomerase activity (Ludlow et al., 2008) and telomere length (Matsubara et al., 2006a,b) , single-nucleotide polymorphisms (SNPs) located in the TERT-CLPTM1L locus have been associated with exceptional longevity (Atzmon et al., 2010) , coronary artery disease (Matsubara et al., 2006a) , idiopathic pulmonary fibrosis (Mushiroda et al., 2008) , glioma (Shete et al., 2009) , red blood cell count , survival in patients with lung cancer (Catarino et al., 2010) and several cancers (Ruiz-Llorente et al., 2007; McKay et al., 2008; Andrew et al., 2009; Broderick et al., 2009; Choi et al., 2009; Hosgood et al., 2009; Landi et al., 2009; Van Dyke et al., 2009; Zienolddiny et al., 2009; Hsiung et al., 2010; Johnatty et al., 2010; Prescott et al., 2010; Shen et al., 2010; Turnbull et al., 2010; Wang et al., 2010) . Specifically, relationships have been reported between the C allele of a common, intronic polymorphism in CLPTM1L (rs401681) and shorter telomere length in elderly females , increased PSA levels (Gudmundsson et al., 2010) , increased basal cell carcinoma Stacey et al., 2009) , prostate , cervical , bladder and lung (Wang et al., 2008; Kohno et al., 2010; Miki et al., 2010) cancer risk and a reduced risk of melanoma (Stacey et al., 2009) and pancreatic (Petersen et al., 2010) cancer, although there is a lack of association with breast cancer Pooley et al., 2010) . Over-expression of CLPTM1L (cisplatinum resistance related protein) has been associated with apoptosis (Yamamoto et al., 2001) . It should be noted that cancer incidence increases steeply with age (Nordling, 1953; DePinho, 2000; Cancer Research UK, 2010) .
We therefore hypothesized that polymorphisms in the TERT-CLPTM1L locus could be related to other age-related phenotypes, such as lower physical and cognitive capability, traits that are known to have a genetic component (McClearn et al., 1997; Tiainen et al., 2004; Volk et al., 2006; Matteini et al., 2010) . To investigate this, we analysed data from 25 774 participants aged between 44 and 90 from nine UK cohorts as part of the Healthy Ageing across the Life Course (HALCyon; http:// www.halcyon.ac.uk/) collaborative research programme. The HALCyon programme aims to understand three components of healthy aging: (i) physical and cognitive capability; (ii) psychological and social wellbeing; and (iii) the underlying biology. The well-established cohorts are all appropriate for investigating our hypothesis, as all studies measured markers of physical or cognitive capability or biological functioning in older adults. In this exploratory study, we genotyped participants for the SNP rs401681 and conducted analyses within the cohorts as well as meta-analyses to assess associations between genotype and 30 
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Results

Cohort summaries and genotyping quality
Successful genotyping for SNP rs401681 and relevant phenotypes were available for a total of 25 774 adults aged between 44 and 90 years old (Table 1 ). The quality of the genotyping was good and consistent across all nine studies, with similar frequencies, call rates exceeding 97% and the HWE condition being met (P-value ‡0.3).
Associations between genotype and phenotypes
Minor allele frequencies (MAF) were tabulated by sex, 5-year age bands (Table S1 in Supporting Information), cigarette smoking status and physical activity (data not shown) to identify possible confounders of genotype effect on the outcome variables; no associations were observed with the MAF so such variables were not included in the regression models. Table 2 shows there was no evidence of any associations between the genotype and any of the cognitive test scores in the meta-analyses (all P-values >0.1). Results for the genotypic associations were similar in the within-study analyses investigating cognition scores in later phases adjusting for score at an earlier phase (data not shown). Significant heterogeneity between subgroups was only observed for AH4 analysed by sex ( Fig. S2b in Supporting Information), which was mainly driven by Whitehall II (interaction P-value = 0.0027), although this observation was not seen for any other phenotype.
No genotypic associations were observed for any of the physical capability measures in the meta-analyses (Table 3 ) (all P-values >0.1). In addition, there was no evidence of associations with grip strength in the follow-up phases adjusting for its measure at a previous phase. Table 4 and Table S2 (Supporting Information) show no associations with BMI, waist-hip ratio (WHR) or the measures of biological function on the pooled analyses (all P-values >0.06).
There were no associations between genotype and MI, angina, diabetes or stroke on the pooled data (Table 5 ) (all P-values >0.1). There was some evidence of an association between the T allele and lower MI risk in Whitehall II (P-value = 0.005), although this was not seen in the other studies.
There was no evidence in English Longitudinal Study of Ageing (ELSA) that the effects of genotype differed in individuals aged below 70 years compared with those aged at least 70 years (data not shown), except for glucose (interaction Pvalue = 0.038), although the association was not significant in either age group.
In only a small number of tests did the full genotype model represent a significantly better fit than the per allele model: AH4 score in Hertfordshire Ageing Study (HAS), grip strength in LBC1921, chair rises in ELSA, BMI in HAS and Hertfordshire Cohort Study (HCS), SBP and triglycerides in NSHD, MI in Caerphilly, total cholesterol in HCS and NCDS, and stroke in HCS. Forest plots for the meta-analyses are available in the Supporting Information.
Discussion
We investigated relationships between SNP rs401681 in the TERT-CLPTM1L locus and 30 age-related phenotypes in nine UK cohorts of 25 774 older adults. To our knowledge, this is the first time that this SNP has been examined with age-related traits such as physical and cognitive capability. No associations were found between genotype and any of the investigated traits on the pooled analyses, even before correcting for multiple testing. Also, no relationship was observed between genotype and age group, and although 93% of participants in our analysis were younger than 75 years, preventing an investigation into mortality, this is consistent with an observed lack of association with longevity . These findings suggest that this variant is not an important contributor to a wide range of aging traits, despite being associated with several cancers (Wang et al., 2008; Stacey et al., 2009; Kohno et al., 2010; Miki et al., 2010; Petersen et al., 2010) .
The number of investigations into the relationships between SNPs in the locus and cancer types is growing. The findings from studies examining rs401681 have been particularly interesting, with its C allele being related to an increased risk of basal cell carcinoma [odds ratio (OR): 1.20, 95% CI: 1.13-1.27 (Stacey et al., 2009) (Petersen et al., 2010) ]. Meanwhile, the evidence for an association with colorectal Pooley et al., 2010) and endometrial Prescott et al., 2010) cancer has been mixed, and there is strong evidence against any association with breast cancer Pooley et al., 2010) . A summary of these associations is given in Table S3 (Supporting Information) . Various hypotheses about how variants in the locus may affect cancer risk have been proposed (Baird, 2010) .
While in our population-based cohorts there were only 1076 cancer cases spread across numerous different tumour types, we had good statistical power to investigate associations with several other age-related phenotypes. Sample size calculations for the quantitative traits estimated that around 4500 individuals would be required to detect a beta coefficient of 0.06 z-score units with 80% power at the 5% significance level. As an example, such a difference would correspond to a difference in AH4 TERT SNP and age-related phenotypes, T. Alfred et al. 
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Given that the C allele is associated with an increased risk of various common cancers and that the incidence of cancers gen- (Nordling, 1953; DePinho, 2000; Cancer Research UK, 2010) , it is an important finding that this wellpowered multicohort study found that it was not associated with poorer outcomes for other aging phenotypes. Indeed, our range of investigated traits was extensive, including measures of cognitive and physical capability, blood pressure, lung function and blood lipid levels. Additionally, subgroup analysis demonstrated that on the whole, the effects were similar for men and women and for those aged below and at least 70 years. However, it remains possible that either telomere length or telomere maintenance functions could still influence agerelated traits despite the apparent absence of association between rs401681 and age-related traits in our study. First, the SNP may not substantially influence telomere length in this age group as there are conflicting reports on the relationship with rs401681 and telomere length, with the C allele associating with shorter telomeres in an elderly set of females , whereas no association was observed among adults across a wider age span in recent reports (Mirabello et al., 2010; Pooley et al., 2010; Prescott et al., 2010) . Additionally, no association with telomere length was found around the TERT gene in a genome-wide association study (Levy et al., 2010) , nor in two candidate gene studies that also considered other SNPs in the region (Mirabello et al., 2010; Prescott et al., 2010) . This would indicate that the lack of association observed in this study is not because of the choice of common polymorphism within the TERT-CLPTM1L locus, although mutations in the region may influence telomere length (Diaz de Leon et al., 2010) . Furthermore, telomere 'length' commonly assessed by the Cawthon assay, which measures total telomere repeats (Baird, 2005) , is a crude phenotype which may not represent aspects of individual telomeres differentially relevant in cancer vs. aging traits. Second, either telomere length or another feature of telomere function could be important to age-related traits through a mechanism distinct from that by which rs401681 influences cancer risk (Baird, 2010) . Other SNPs influencing telomere length or function might be useful to further explore these possibilities, particularly given the overall telomere length variability explained by identified genetic loci so far have been low (Codd et al., 2010) .
Conclusion
Despite being associated with several cancers, the results of this large, multicohort investigation into a comprehensive range of aging phenotypes in a middle-to older-aged UK population do not support the hypothesis that SNP rs401681 in the TERT-CLPTM1L locus influences other aging traits.
Methods
Study populations
The Boyd Orr cohort is a historical cohort study based on children surveyed in 1937-1939 in English and Scottish districts.
Participants were followed up in 1997-1998 (Phase II) and again in 2002 -2003 , during which DNA was extracted from 728 adults. Details of the study design and the data collected have been described elsewhere (Martin et al., 2005) .
The Caerphilly Prospective Study (CaPS) recruited 2512 men aged between 45 and 59 years in 1979-1983 from the town of Caerphilly, South Wales, and its surrounding villages. Blood samples were collected at baseline and at each of the four follow-ups (Phase II: 1984 -1988 , Phase III: 1989 -1993 , Phase IV: 1993 -1997 and Phase V: 2002 .) Further details are available on the cohort's website (http://www.epi.bris.ac.uk/caerphilly/caerphillyprospectivestudy.htm).
The (Deary et al., 2004; Gow et al., 2008) .
The National Child Development Study (NCDS) follows individuals from all births in England, Scotland and Wales during 1 week in March 1958 . In 2002 Biomedical Survey was conducted during home visits by a research nurse. DNA was extracted from 8017 participants aged 44-45 years; the sample with immortalized cell line culture (n = 7526) is used here. In 2008-2009, an eighth sweep was carried out during which cognitive performance tests were conducted. Further details of the study are available (Power & Elliott, 2006) .
The Medical Research Council National Survey of Health and Development (NSHD) comprises participants sampled from all births in a week in March 1946 and followed up since. In 1999, TERT SNP and age-related phenotypes, T. Alfred et al.
ª 2011 The Authors Aging Cell ª 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland at age 53 years, men and women were visited by a research nurse and consent for DNA extraction was given by approximately 2900 members of the cohort. Details of the data collected and the several phases of the study are available on the cohort's website http://www.nshd.mrc.ac.uk and elsewhere (Wadsworth et al., 2006) .
The Whitehall II study targeted all civil servants aged between 35 and 55 years working in London in 1985 -1988 . In 2002 , the genetics study was established and DNA was extracted from 6156 participants. Details of the study design and data collected have been described (Marmot & Brunner, 2005) .
Genotyping and quality control
Genotyping for SNP rs401681 for all cohorts, except LBC1921, was carried out by KBioscience (http://www.kbioscience.co.uk). Genotype information from LBC1921 came from a genome-wide scan performed on the Illumina Human610-Quadv1 Chip (http://www.illumina.com) (Houlihan et al., 2010) . Genotypic data quality was reviewed by assessing departure from Hardy-Weinberg equilibrium (HWE), clustering quality (using KBioscience software SNPviewer on their data) and call rates.
Phenotypes
Cognitive capability A number of cognitive performance tests in the different studies were used to assess cognitive capability, the capacity to undertake the mental tasks of daily living. The National Adult Reading Test (Nelson & Willison, 1991 ) (NART) is a widely used assessment of crystallized intelligence, i.e. acquired vocabulary and knowledge, which was measured in CaPS, LBC1921 and NSHD. The Alice Heim 4-I (Heim, 1970 ) (AH4) test was used in CaPS, HAS and Whitehall II, and assesses fluid intelligence, i.e. reasoning ability, particularly in novel situations. The Mill Hill vocabulary test (Raven, 1965) was used to measure crystallized verbal intelligence in HAS and Whitehall II. Different assessments of verbal memory were conducted: in ELSA and NCDS, a list of 10 common words were used, with participants asked to recall the list immediately and again after a delay, the mean score was used in the analysis; in NSHD, 15 words were used over three trials; in Whitehall II 20 words were used; responses in NSHD and Whitehall II were given in writing. Logical Memory from the Wechsler Memory Scale-Revised (Wechsler, 1987) was used in LBC1921. In Whitehall II, participants recalled in writing in 1 min as many words as possible beginning with 'S' to assess phonemic fluency, while in LBC1921 three letters 'C', 'F' and 'L' were used with responses given orally. Participants were asked to recall as many animals as possible within 1 min to measure semantic fluency; responses were given orally in CaPS, ELSA, NCDS and NSHD, and in writing in Whitehall II. To assess search speed (Richards et al., 1999) , 1-min letter searches among grids of letters were used, 600 letters in NSHD and 780 in ELSA and NCDS. Nonverbal reasoning was measured using Raven's Standard Progressive Matrices in LBC1921 (Raven et al., 1977) .
Physical capability A number of physical performance tests were used to assess physical capability, the capacity to undertake the physical tasks of daily living. Grip strength was measured in ELSA, HAS, HCS, LBC1921 and NSHD using electronic or hydraulic dynamometers, with the best measure used in the analysis where more than one trial was conducted. Several standing balance tests were conducted in the cohorts, with participants' eyes open: Flamingo (Committee of Experts on Sports Research, 1993) (stopped at 30 s) in Boyd Orr, CaPS, HAS and HCS; side-by-side, semi-tandem and full tandem (Stevens et al., 2008) in ELSA; a 30-s one-legged stance in NSHD. The timed get up and go test (Podsiadlo & Richardson, 1991) was carried out in Boyd Orr, CaPS, HAS and HCS and required participants to get up from a chair, walk 3 m, turn, walk back, turn and sit down. Timed walks over 2.44 m (8 feet) and 6 m were carried out in ELSA and LBC1921, respectively, with the fastest time used in the analysis where more than one trial was conducted. Timed chair rises (Csuka & McCarty, 1985) involved asking participants to rise from a chair and sit back down five times in ELSA, HAS and HCS, and 10 times in NSHD.
Anthropometry and biological function Several measures of anthropometry and biological function were used, where available in the cohorts. BMI (kg m )2 ) was calculated as weight divided by height squared derived from measurements conducted at clinics or during a clinical interview in the home where available, or from self-reports. WHR was defined as waist circumference (cm) divided by hip circumference (cm). Where more than one sitting systolic, diastolic blood pressure (mmHg) or pulse rate (BPM) measurement was recorded at the clinical interview, the mean values were used in analysis. Spirometry was used to assess lung function: Forced vital capacity (L) and forced expiratory volume in 1 s (L); the highest value was used in the analyses. Blood samples were used to measure fibrinogen (g L )1
), total, low-density lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol (mM), triglycerides (mM), fasting glucose (mM) and nonfasting glycosylated haemoglobin (HbA1c, %).
Health history
History of myocardial infarction (MI), angina, any diabetes and stroke were derived from self-reports and, where possible, from GP and hospital records.
Demographic variables
Data collected on age, sex, smoking status and physical activity were used to assess whether MAF varied by these variables within the cohorts. Where information on ethnicity was collected, non-white participants were excluded from analyses to TERT SNP and age-related phenotypes, T. Alfred et al.
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Statistical methods
Statistical analysis was performed in STATA 11.1 (StataCorp LP, College Station, Texas, USA ). Linear and logistic regression analyses were conducted on the continuous and dichotomous traits within the cohorts respectively. Additive models were used with genotypes coded as 0, 1 and 2 for the number of minor (T) alleles. Likelihood ratio tests were used to compare the fit of the additive models compared to the full genotype model. For continuous traits, the normality of the standardized residuals was inspected with distributional diagnostic plots. To improve the normality, natural log transformations were carried out on timed get up and go, timed walks and triglycerides. A power transformation of )2 was used on glucose and HbA1c. As with previous analyses (Kuh et al., 2005) , the reciprocal of time taken in seconds · 100 was used for chair rises. Cook's distances (Cook, 2000) were plotted against fitted values, using a cut-off of four divided by sample size, to identify influential outliers in the continuous phenotypes. For the harmonization of continuous traits that were used to obtain pooled estimates of the genotypic effects, z-score units were calculated in each cohort by subtracting the cohort mean and dividing by its standard deviation. The overall mean for z-scores is 0 and standard deviation 1. Beta coefficients calculated on z-score units can be reverted to the original scale by multiplying by an appropriate standard deviation. Two-step (Riley et al., 2010) meta-analyses were performed to obtain pooled genotypic effects, with the randomeffects' estimates presented in the tables. Meta-analyses were also stratified by sex, cigarette smoking status and physical activity (any vs. none, or any vigorous vs. none in ELSA and Whitehall II), chosen a priori. Meta-analyses were repeated after the removal of the identified influential data in the continuous traits, and results are reported on the complete data; unless the overall effect, the overall heterogeneity or the heterogeneity between subgroups were no longer significant, where the reporting is then from the restricted datasets. Within-study investigations were made in ELSA, the study with the widest age range, to assess whether the effects of genotype differed in individuals aged below and at least 70 years. In addition, within-study investigations were made into follow-up measures of cognitive and physical capability adjusting for the measure in an earlier phase. Reporting met the appropriate items of a recommended checklist (Stroup et al., 2000) . Quanto (Gauderman & Morrison, 2006) was used for power calculations using a MAF of 0.44. A two-tailed significance level of P < 0.05 was used.
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